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Preface 


> 

This  thesis  is  the  ninth  that  has  been  written  at  AFIT  in  a 
continuing  study  of.  the  frequency  response  characteristics  of  pneu^ 
matic  transmission  lines.  The  primary  purpose  of  this  report  was  fco 
obtain  experimental  results  for  a  series  fluidic  circuit  with  and 
without  mean  air  flow.  The  experimental  results  w;:re  then  compare;* 
with  existing  theory  for  verification. 

To  achieve-  tills  evaluation,  the  computer  program  which  was  used 
by  Malanowski  (Ref  12)  'was  modified  for  increased  attenuation  with 
turbulent  flow  based  on  one  of  the  several  studies  by  Brown  (Ref  3). 

‘i  would  like  to .  thank  the  many  people  who  made  this  report 
possible.  In  particular,  I  would  especially  like  to  thank  Dr.  M. 

E.  Franke,  my  thesis  and  faculty  advisor,  oho  extended  my  knowledge 
of  fluidics  and  provided  suggestions  and  help  when  they  were  needed. 

T.  would  also  like  to  thank  my  wife,  Barbara,  for  patience  and 
'  understanding  as  well  as  her  proof-reading  and  typing. 
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Abstract 


The  dynamic  response  cf  a  pneumatic  circuit  with  mean  flow  was 
investigated  experimentally  in  the  40-1050  Hz  frequency  range  and  the 
results  compared  with  theory.  All  cases  consisted  of  a  0.032  in  ID  line 
with  either  a  blocked  cr  orifice  terminated  end  line.  The  orifice  sizes 
used  were  0. 0135 3  C.016  and  0.020  in  ID  with  a  length  of  0.062  inches. 
The  line  was  tested  at  pressures  from  1.5  to  26.0  psig. 

Comparison  of  experimental  and  theoretical  results  were  made  with 
a  computer  program  using  Nichols1  equations  as  modified  by  Krishnaiy»r 
and  L«chrter,  with  modification  of  attenuation  for  mean  turbulent  flow 
using  Brown's  work.  A  different  orifice  impedance  model  was  used  with 
n pan  turbulent  flow  than  had  been  uspd  with  blockpd  or  mean  laminar 
flow.  The  experimental  transfer  rain  v/as  predicted  within  ±  1  db  of 
theory  for  a  block °d  line,  and  within  ±  2  db  of  theory  for  a  mean  lam¬ 
inar  flow  In  the  linp.  ^iporiraental  phase  shift  was  predicted  within  ± 
15°  for  a  blocked  line,  and  within  ±  30°  for  mean  laminar  flow.  With 
mean  turbulent-  flow  in  the  line,  the  gain  was  predicted  within  ±  2  db 
of  theory  for  the  two  smallest  orifices ,  and  within  ±  5  db  of  theory 
for  the  largest  orifice,  while  the  phase  shift  was  predicted  within  ± 
30°  at  frequencies  loss  than  500  Hz,  and  within  ±  70°  at  frequencies 
greater  than  500  Hz. 
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THE  DYNAMIC  RESPONSE  OF  FLUIDIC 
CIRCUITS  WITH  BLOCKED  AND  ORIFICE  TERMINATED  LINES 


I.  Introduction 


Background 

Fluidic  systems  and  control  devices  are  becoming  increasingly 
important  in  many  engineering  applications.  Because  of  their  adapta¬ 
bility  to  extreme  environmental  conditions,  their  simplicity  of  opera¬ 
tion  and  light  weight,,  they  are  ideally  suited  for  many  applications 
where  these  features  are  desirable  or  needed.  But,  before  an  engineer 
is  able  to  use  fluidic  systems  and  control  devices  he  must  first  be 
able  to  accurately  predict  the  dynamic  characteristics  of  pneumatic 
transmission  lines. 

Many  good  mathematical  models  have  been  developed  to  predict  the 
dynamic  characteristics  of  pneumatic  transmission  lines.  Iberall’s 
model,  (Ref  8),  was  probably  the  most  important  and  it  led  to  simplified 
’solutions  in  the  developments  of  Berg  and  Tij deman,  Brown,  Nichols,  and 
Rohmann  and  Grogan  (Refs  1,  2,  16,  and  18). 

Nichols'  equations  gave  an  accurate  prediction  of  the  frequency 
response  of  pneumatic  transmission  lines,  and  several  studies  (Refs  7, 

9,  13,  and  20)  have  shown  good  experimental  agreement  for  blocked  lines, 
Krishnaiyer  and  Lechner  (Ref  11)  modified  Nichols’  equations  to  obtain 
better  accuracy  at  low  frequencies,  and  found  good  correlation  between 
experimental  and  theoretical  results  with  mean  air  flow.  Malanowski 
(Ref  12)  found  good  experimental  agreement  with  theory  for  branched 
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pneumatic  transmission  lines  with  blocked  and  orifice  terminated  lines. 

.  i 

Broun  (Ref  3)  developed  a  mean  turbulent  flow  model  which  predicts 

increased  attenuation  over  that  predicted  by  mean  laeinar  flow. 

«  !  ! 

*  * 

* 

Problem  -  !  =  =  ' 

The  dynamic  characteristic  of  series  connected  pneumatic  trans¬ 
mission  lines  have  been  studied  extensively  in  the  laminar  region  of 

mean  flow,  but  since  turbulent  flow  will  also  be  encountered  in  some 
« 

applications,  more  stud}'  is  needed  in:  this  area.1  The  equations  used 
for  mean  laminar  flow  will  not  give  good  results  for  mean  turbulent 

I 

flow  at  all  frequencies,  unless  increased  attenuation  is  used. 

Objectives 

» 

The  objectives  of  this  study  were  as  follows: 

1.  The  development  of  a  computer  program  based  on  the  theoretical 

t 

i  , 

equations  which  would:  1  5  < 

a.  allow  for  series  and  parallel  connected  lines,  , 

b.  use  .die  modification  of  Riphols’  equations  as  presented  by 

I  : 

Malanowski  in  his  thesis  (ref  12),  with  increased  attenuation  for  mean 

turbulent  flow  from  Broom's  work  (Ref  3). 

i 2.  An  experimental  investigation  to  determine  how  useful  the  above 

theoretical  model  is  with  mean  air  flow  arid  with  a  blocked  line  using 

the'  following  conditions: 

l 

a.  frequency  variation  from  AO  to  1050  Hz, 

b.  small  cross  sectional  area  line  (.032  inch  ID)  with 
varying  orifice  size  and  blocked. 
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II.  Theory 

From  electrical  transmission  line  theory,  the  relationship  between 
voltage  and  current  at  any  point  in  the  line  is  given  by  (Ref  19) 


dV 

dx 


ZI 


and 


(1) 


(2) 


If  the  voltage  is  replaced  by  pressure  and  current  by  volumetric  flow 
rate,  we  have  an  analogy  for  a  pneumatic  transmission  line,  and  equa¬ 
tions  (1)  and  (2)  become 


dP 

dx 


:  =  ZQ  «  (R  +  juL)Q 


(3) 


and 


dQ 

dx 


=  YP  =  (G  +  jwC)P 


(4) 


where  R  =  Re(Z),  G  =  Re(Y),  L  =  ~  Im(Z)  and  C  =  i  Im(Y). 

w  (0 


Tlie  solutions  to  (3)  and  (4)  are 


P(x)  -  Bie“^x  +  B2e^x 


(5) 


and 


Q60  -  J-  e 

c 


Bl  -rx  _  ^  J'x 


z  e 


C6) 


•y 

J 


) 
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where  ?  =  a  +  jg  =  Re(f)  +  jln(I’)  and  3i  and  32  are  constants  determined 
by  the  boundary  conditions  on  the  line. 

The  Eodel  of  Nichols  (Ref  16)  defined  two  characteristic  frequencies 
and  two  distribution  parameters  which  included  the  effects  of  frequency 
dependent  losses  in  the  pneumatic  lines,  assuming  rigid  line  walls  and 
no  mean  flow.  These  were 


and 


Uy  *> 


8nv 

A 


h„  -  2/ul/Uy 


2>4o/u,jj, 


(7) 

(8) 

(9) 

(10) 


Nichols’  development  resulted  in  the  following  equations 

Z  =  jwLsl  +  Rvi  |M  +  j 

L%  *V1. 

jtd(Y-l)  Cgl 


and 


where 


and 


y  =  jwCa!  + 


(y-1)  ju(Y-l)  Cai 

+  - 


^el 


Gel 


Rel  +  ,  ^el  _ 

8,1  M  * 


1 

l-J(hv/2) 


-  1 


(11) 


(12) 


(13) 


(Y-1)  Cal  .  (Y-1)  Cal  _  11 

C„-,  3  G„n  =  J(hT>'2)  =  J(ohv) 


Jel 


el 


(14) 
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Krislmaiyer  and  Lechncr  (Kef  11)  developed  approximations  to  tlie 
Bessel  functions  in  equations  (13)  and  (14),  which  would  give  greater 
accuracy  at  low  frequencies.  They  are 


3 

8 


+  -  hy  + 


3 

8 


(15) 


aLei 


Kyi 


1 

4  hv 


15 
6  U 


(16) 


(Y— 1)  Cai 
Cei 


7  +  7hT+  4 


=  DC 


(17) 


a{Y-l)  Cal 


Gei 


1  11 
2  hT  “  4  *  hT  E  1)0 


(18) 


With  these  definitions,  equations  (11)  and  (12)  may  be  written  as 


7  —  8uJI 

'  D»3  +  3 


bo  Sap 
A  *  A2  13 


■] 


(19) 


and 


y=  “b-V  [DG] 

[DC]2  +  [DG]2 


+ 


A_  (Y~1}  W  rTO] 
+  [DC]2  +  [DG]2 


(20) 


For  practical  applications  the  approximations  given  in.  equations 
(15),  (16),  (17),  and  (18),  give  good  results  for  0.1  wy  <  u  < 

An  orifice  ended  fluid  transmission  line  which  has  a  mean  air  flow 
must  be  modeled  differently  than  either  a  blocked  line  (Z£n(j  =  ct).  or  an 
open  line  (Zen(j  =  0).  Krishnaiyer  and  Lechner  showed  that  good  results 
could  be  obtained  if  the  orifice  ended  line  was  modeled  as 
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zend 


^cad 


J°  =  zo 


(21) 


If  the  c»aa  flea  in  the  line  becomes  turbulent,  Eroan  (Ref  3) 
showed  that  the  attenuation  in  the  line  will  increase.  This  increase 
of  e  as  a  function  of  increasing  Reynolds  lumber  and  frequency  is 
shown  in  Figure  1,  where  Ype  is  the  phase  velocity  without  wall  effects. 
As  can  be  seen  from  Figure  1,  as  line  diameter  decreases,  the  effects 
of  turbulent  flow  become  core  important  at  any  given  Reynolds  lumber. 
Figure  1  is  part  of  Figure  2  from  Brown's  study  (Ref  3),  and  is  for  the 
high  frequency  model.  For  low-frequency  disturbances  the  flow  is 
quasi-steady,  but  for  high-frequency  disturbances  the  turbulence  level 
profile  across  the  tube  presumably  does  not  rise  and  fall  significantly, 
because  of  the  inertia  of  the  turbulent  motion  which  forces  a  lag  in 
the  response  to  changes  in  the  mean  velocity  profile.  The  break 
frequency,  according  to  Brown,  between  high  and  lew  frequency  occurs  at 
about  (Q  >  0-017 (Kr)0*31*).  If  S  is  less  than  this  value,  then  the 
constant  I-R-C  model,  shown  in  Figure  2  of  Brown's  study  (Ref  3),  should 
be  used.  Other  restrictions  on  Figure  1,  require  the  traveling  waves 
to  have  wavelengths  A»2rR  (roughly  1>20R)  to  prevent  coupling  between 
the  wavelengths  of  the  sine  wave  and  the  turbulence.  Also,  to  prevent 
the  turbulent  fluctuations  from  being  influenced  by  the  propagating  sine 
waves  requires  that  fl<0.5Nr.  Brown  states  that  the  analysis  should  be 
adequate,  though  not  so  accurate,  for  frequencies  up  to  ten  tines  higher 
than  this  value. 

If  the  velocity  of  the  flow  in  the  line  becomes  too  great,  then  the 
resonant  frequency  of  the  line  will  change.  This  change  of  resonant 
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Fig  1  Predictions  of  attenuation  factor  for  invariant  turbulent  flow  without 
offccto  of  heat  transfer 
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frequency  is  equal  to  die  sealing  frequency  tines  (1-5$^),  where  M  is  the 
Mads  nis&er  of  the  flow  in  the  line  (Ref  25). 

BIrishnaiyer  sad!  Lechner  found  using  Xichols*  development  and  assaying 
ideal  gas,  small  fluctuaticas  and  no  flow  that  the  transfer  pressure 
gain  for  a  pneumatic  line  is 


£r  2  Z£  Zr  e~TZ _ 

Ps  Zc(Zr  -£-  Zc)  -r  Zc(Zr  -  Z^e'**. 


(22) 


where 


Zc  =  fm 


(23) 


and 


F  =  /ZS 


(24) 


They  also  showed  that  the  input  or  sending  impedance  of  the  line  is 
given  by 

(Zr  +  Zc)  -S-  (Zr  -  Zc)  e~^z 

Z  =  zc  - -  (2' 

(Zr  -h  Zc)  -  (Zr  "  Zc)  e“» 

Equations  (19),  (20),  (22),  and  (25)  are  sufficient  to  obtain 
reasonably  accurate  predictions  of  the  cocplex  properties  of  fluidic 
lines. 

The  gain  between  any  tv;o  points  in  a  cascaded  line  system  can  be 
shown  to  be  the  multiple  of  the  gains  for  each  line  in  the  system. 
This  is 


g  = 


n-1 

n 

i=l 


(26) 


o 
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or  given  in  decibels 

Sob  f  20  io^ID  S  (27 

The  phase  angle  for  a  cascaded  line  fluid  system  with  reflected 
waves  is 


c-1 

Beta  =  -  S  tan 
i=l 


1 


P.-, 


imaginary  part  of  jjj; 

Pi 


p  _ 

real  part  of  . 


(28 


The  ccirputer  progras  used  hy  Kalaiunrski  (Ref  12),  vas  modified  fo 
increased  attenuation  with  turbulent  flow  using  the  graph  in  Figure  1 
from  Broan*s  study  (Ref  3). 
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III.  Experimental  Apparatus 

The  test  systems  used  vas  essentially  the  saae  as  that  used  by 
Malanoaski  (Ref  12).  The  apparatus  consisted  of  a  pneumatic  signal 
source,  the  monitoring  equipment,  and  the  test  line  configurations. 

Shown  in  Fig  2  is  a  schematic  diagram  of  the  overall  setup,  and  Fig  3 
shews  a  general  view  of  the  actual  laboratory  setup. 

Pneumatic  Signal  Source 

The  major  components  of  the  pneumatic  signal  source  consisted  of 
an  electronic  signal  generator,  a  power  amplifier,  and  an  electro- 
pneumatic  signal  generator. 

A  sinusoidal  voltage  was  developed  in  the  electronic  signal  generator 
in  one  of  the  wave  analyzers.  This  voltage  was  amplified  by  a  linear 
amplifier,  and  fed  to  a  matched  gain  push-pull  amplifier  in  the 
pneumatic  signal  generator  for  further  amplification.  The  amplified 
signal  was  then  used  to  operate  a  piezoelectric  flapper  valve  in  the 
pneumatic  driver  head,  shown  in  Fig  4.  The  flapper  valve  creates  a 
sinusoidal  pressure  pulse  which  varies  about  the  mean  pressure  of  through 
air  flow  in  the  pneumatic  driver  head. 

Monitoring  Equipment 

The  sinusoidal  signal  input  frequency  was  monitored  on  an  electronic 
counter,  and  the  RMS  amplitude  of  this  signal  was  measured  with  a  VTVM. 

The  output  of  the  static  pressure  transducer  (PL)  was  monitored  on  a 
differential  voltmeter,  which  allowed  a  constant  observation  of  the  mean 
line  pressure. 
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Fig  2  Schematic  Diagram  of  Experimental  Apparatus 
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Fig  4  Pneumatic  Driver  and  Sending  Fixture 
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Two  mercury-in-glass  manometers  fere  used  to  measure  mean  line  pressure 
jac  the  dynamic  pressure  ports  (Ps  and  Pr)  before  each  experimental  test. 
A  rotoaeter  tvoe  flow  meter  was  used  to  measure  volumetric  flow  rate  at 
the  teiiainating  orifice  of  the  line. 

The  quartz  type  sending  and  receiving  dynamic  pressure  transducers 
fed  their  output  to  charge  amplifiers.  These  amplified  signals  were 
then  fed  to  wave  analyzers  for  RMS  voltage  measurements.  Both  wave 
analyzers  sent  an  output  to  an  associated  electronic  counter  to  insure 
that  both  wave  analyzers  were  operating  at  the  same  frequency. 

A  detailed  description  of  the  monitoring  equipment  is  given  by 
Wilda  (Ref  20). 


l/f 
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IV.  Experimental  Procedures 

! 

To  insure  stability  of  the  electrical  signals,  a  warm-up  period  of 
approximately  two  hours  was  allowed  for  the  equipment  before  making  any 
test  runs.  Essentially  the  same  test  procedure  was  used  for  all  tests. 

The  data  recorded  for  each  test  run  were  Tamb,  Pamb,  Ps,  Pr,  Ps,  Pr, 
Pj,  Qfm,  and  frequency.  Mercury-in-glass  manometers  were  connected  to 
each  dynamic  pressure  port  to  measure  the  mean  pressure  (Ps  and  Pr) . 

For  those  tests  involving  mean  flow,  the  flow  rate  was  measured  and 
plotted  against  Pr.  These  plots  for  the  three  different  orifice  sizes 
are  shown  in  Figure  5,  along  with  a  plot  for  the  0.0135  orifice  with  an 
assumed  orifice  coefficient  of  0.6.  From  the  difference  between  the  Ps 
and  Pr  values,  the  pressure  drop  was  accounted  for  by  dividing  the  line 
into  a  finite  number  of  ihort  sections  each  with  a  constant  pressure. 

The  pressure  was  assumed  to  drop  linearly  with  distance  from  the  Ps  port 
to  the  Pr  port,  and  with  the  same  linear  value  from  the  Pr  port  to  the 
orifice.  The  Pr  transducer  volume  was  input  into  the  computer  program 
as  a  small  line  in  parallel  with  the  main  line. 

The  frequency  of  the  input  signal  was  varied  from  40-1050  Hz,  and 
values  of  Ps  and  Pr  were  measured  on  the  wave  analyzers,  along  with 
phase  angle  measurements  from  the  dual  beam  oscilloscope.  With  each 
frequency  change,  the  wave  analyzer  receiving  the  Pr  signal  was  also 
changed  to  the  new  frequency,  by  observing  the  electronic  counter  and 
adjusting  the  wave  analyzer  until  the  value  of  both  (Pr  and  Ps) 
electronic  counters  read  the  same.  This  was  done  to  insure  that  the 
receiving  wave  analyzer  was  locked-on  to  the  proper  frequency. 
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By  observing  the  sending  and  receiving  sign-ii *./.  ,j„ax-be;m 

oscilloscope,  the  phase  angle  measurem-ants  were  ohi  ;>!»...}  -Jytcrni 

the  linear  distance  the  receiving  sign.il  had  shift*-*:  vf»i,  r,..:j,ect  tY> 
the  sending  signal. 

The  recorded  values  of  frequency,  ?s>  ^r»  wer<; 

input  to  the  computer  program  for  comparison  with  i.J;«  <>,  , ,  /.  (jalcowp 

plotter  graphed  experimental  and  theor-si-ical  gain  a/«* J  |*L*fcj»  angle  ver.ii,., 
frequency. 

Signal  Size 

The  signal  size  in  this  study  was  arbitrarily  \(J  bc 


Ps  @f  =  1000  Hz  in  psi-rms 
PL  in  psig 


x  100 


in  percent.  On  the  basis  of  this  definition  the  signal  „\/M  varied 
from  0.2  to  1.0  percent  for  this  study. 


*■*■•*•*• 
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V.  Results  and  Discussion 

*  . 

Tables  I  and  II  give  experimental  data  and  test  configuration 
data  for  all  the  experimental  cases  considered  in  this  report. 
Appendix  A  contains  theoretical  frequency  response  curves  for  all 
cases  not  considered  in  this  section,  and  Appendix  B  contains 
conplete  line  dimension  data  for  each  case.  Values  of  sjy  for  this 
study  ranged  from  approximately  280  to  700  rad/sec. 


Table  I 

Rxrserimontal  Data 


Case 

Number 


7.  CO 
15.00 


4.79 

9.04 

14.91 

21.02 

27.30 


2.35 

7.64 

14.42 


1.63 

5.13 

9.33 


7.00 

15.00 


4.00 

8.01 

12.97 

18.76 

25.15 


1.83 

5.45 

10.35 


O.64 

2.36 

4.63 


Pend 

psig 

Qpnd 

cis 

7.00 

0.00 

15.00 

0.00 

3.92 

0.74 

7.91 

0.84 

12.75 

0.37 

18.51 

0.91 

24.37 

0.93 

1.71 

0.90 

5.20 

1.23 

10.50 

1.36 

0.53 

0.89 

2.03 

1.51 

4.13 

1.37 

Reynolds 


Signal 
Size  % 


Tabic  SI 

1 

2 


0.GGC© 

O.CGGC 


O.CH35 

Q.C135 

0.&35 

C.C135 

C.C135 


e.oioG 

0.016C 

0.C160 


0.G203 

0.0200 

0.0200 


ESsja^asIc^s 


¥23ie  il 

Tab! 


Table  i? 
Table  Sc 
Table  IV 
7abl<»  I? 
Table  IV 


?£sle  V 
Table  V 
Table  V 


Table  VI 
Table  VI 
Table  VI 


Fssslis 


Figs  10  and  11 
Figs  3  sad  9 
Fig  15 

Figs  20  ana  21 
Figs  16  srd  17 


Figs  22  and  23 
Fig  24 

Figs  25  ard  2b 


Figs  27  ar.d  23 
Fig  29 

Figs  3G  and  31 


Blocked  Line 

Blocked  line  tests  were  run  first  on  the  fluidic  circuit  to  insure 
proper  modeling  of  the  circuit,  and  to  insure  the  computer  program  was 
working  properly.  Blocked  line  tests  i*ere  known  to  give  good  agreement 
between  theory  and  experiment  (refs  7  and  12).  Typical  results  for  the 
blocked  line  tests  are  shown  in  Figures  6  and  7,  and  additional  results 
are  shown  in  Appendix  A.  Experimental  agreement  with  theory  for  the 
blocked  line  tests  was  within  ±1  db  for  the  gain,  and  within  ±15  degrees 
for  the  phase  shift,  for  those  cases  where  the  signal  size  was  less  than 
0.5  percent.  For  signal  sizes  greater  than  0,5  percent,  the  difference 


Frequency,  H«rtz 


'ip  6  Correlation  of  ^rperisental  Results  with  Tneor; 
for  Blocked  Line 
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hetxieea  tiatxtx?  asd  es$>es±maz  tended i  £©  iacz&sse  as  the  sigaal  size 
iocresssad.  Ike  SHprwzfntate  esperisasstal  error  so  mffiasorias  toe  phase 
shift  gad  gain  was  £15®  ear  ±1  cb.  This  is  Site  *ks»s  as  the  variatica 
of  these  values  for  the  blocked  flow  tests. 

lazaacr  Flew 

Typical  dyssadLc  pressure  gain  and  phase  angle  ncasuremeats  for  a 
assaa  laminar  flow  are  shows  for  the  0.0135  in  IB  orifice  in  Figures  8 
and  9.  Results  in  the  siean  laminar  flow  region  for  this  orifice  at 
small  signal  size  were  within  £1  go  for  the  gain  and  ±30*  for  the  phase 
shift.  Cain  and  phase  angle  measurements  for  the  larger  orifices  had 
to  he  taken  at  signal  sizes  larger  than  0.7  percent,  to  obtain  signals 
large  enough  to  read  from  the  wave  analyzers.  As  the  signal  size  - 
increased  above  0.5  percent,  the  difference  between  theoretical  and 
experimental  values  increased.  Shown  in  Figures  10  and  11  are  the 
results  for  an  experimental  run  for  the  0.0135  in  ID  orifice  with  a 
signal  size  of  0.5  percent.  Other  results  for  large  signal  sizes  are 
shown  in  Appendix  A.  Table  II  gives  the  signal  sizes  for  all  experi- 
Eental  cases. 

Transition  Region  Flow 

The  transition  region  of  nean  flow,  as  determined  by  the  Reynolds 
number,  occurred  at  different  values  of  Reynolds  number  for  the  three 
different  orifices  sizes.  The  transition  region  of  mean  flow  was  also 
evident,  by  a  randomly  fluctuating  Px  signal  on  the  oscilloscope.  The 
value  of  the  Reynolds  number  for  the  transition  region  decreased  with 
increasing  orifice  size.  For  the  0.0135  in  ID  orifice  the  transition 


Phase  Anple,  Depr^s 


Fig  11  Correlation  of  ^periinontal  Results  with  Theory 
for  0.0135  in  ID  orifice 
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region  occurred  in  the  Reynolds  number  range  of  approximately  2100-3 (HK). 
For  the  0.016  in  ID  orifice,  transition  occurred  in  the  range  of  approxi¬ 
mately  1700-2900,  and  for  the  0.020  in  ID  orifice,  1500-2800. 

The  Pr  readings  on  the  wave  analyzer  in  the  transition  region 
fluctuated  as  much  as  30  percent  of  the  meter  scale  at  times.  The 
fluctuation  was  particularly  bad  at  frequencies  below  250  l!z,  but 
tended  to  lessen  as  the  frequency  was  increased  above  300  Hz.  Hhen 
fluctuating  signals  were  present,  the  Pr  readings  were  taken  by 
averaging  the  high  and  low  values  of  the  fluctuation.  Tha  Pr  readings 
on  the  oscilloscope  were  impossible  to  read  in  the  transition  region 
of  mean  flow,  because  of  the  fluctuating  signal.  A  typical  example 
of  a  randomly  fluctuating  Pr  signal  during  mean  transition  flow  is 
shown  in  Figure  12. 


A  -  Ps  signal 


B  -  Pr  signal 


Fig  12  Typical  Oscilloscope  Trace  for  Kean  Transition 
Flow  at  a  frequency  of  350  Hz 
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Typical  Fr  and  Ps  signals  with  mean  laminar  flew  and  :r.ean  turbulent  flew 
present  are  shown  in  Figures  13  and  14  respectively.  Because  of  the 
randomly  fluctuating  Pr  signal,  no  phase  angle  measurements  were 
attempted  in  mean  transition  flow.  Also,  no  calculations  for  increased 
attenuation  vas  attempted  for  mean  transition  flow  cases.  Experimental 
results  for  the  0.0135  in  ID  orifice  in  mean  transition  flow  along  with 
the  theoretical  values  are  shown  in  Figure  15.  Additional  results  for 
the  0.016  and  0.020  in  ID  orifices  are  shown  in  Appendix  A.  Results 
varied  for  the  three  different  sized  orifices,  with  the  two  smallest 
sized  orifices  agreeing  within  ±2  db,  except  at  low  frequency  (.40-200  Hz) 
for  the  0.0135  in  ID  orifice  where  the  theory  was  2-4  db  higher  than  the 
experimental  values.  Experimental  results  for  the  0.020  in  ID  orifice 
varied  ±5  db  from  theory. 

Turbulent  Flow 

Typical  dynamic  pressure  gain  and  phase  angle  measurements  for  a 
mean  turbulent  flow  are  shown  in.  Figures  16  and  17  for  the  0,0135  in  ID 
orifice.  The  theoretical  curve  labeled  with  an  L  was  calculated  using 
the  same  theory  that  was  used  to  obtain  the  blocked,  laminar  and 
transition  theoretical  curves  in  this  report.  As  can  be  seen  from 
Figure  16,  the  experimental  results  do  not  agree  with  this  theory  except 
at  frequencies  above  700  Hz,  where  agreement  is  fairly  good.  Values  of 
the  ratio  of  turbulent  attenuation  to  laminar  attenuation  were  obtained 
from  Figure  1,  and  plotted  for  Reynolds  numbers  from  2500-4000  in  incre¬ 
ments  of  500.  These  plots  were  then  input  into  the  computer  program  as 
second  order  polynomial  equations,  and  the  attenuation  calculated  by  the 
computer  program  using  the  theoretical  equations  was  increased  for  the 
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Case  7 

•  "7?T  Tnpory 


-3  CO  - 


Frequency ,  Hert3 


Fi0  17  Correluti.cn  of  wr  • 

f0r  °*0133  in  ID  orificptal  R<?Sults  with  Theory 
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nee a  turbulent  £&sw  cases  by  e&c  esc  c-f,  these  c®ea  cions.  tSsfe  ssainsstesr 
program  usc-e  the  cqaaticSi  that  kss  esssrssc  to  the  actual  Eeyoo&ds 
nurber  for  its  -ralculaticns,  which  allowed  a  nsziasra  error  of  250 
Reynolds  Esiokr  for  caJcolaEiag  E'te  attenuation  ratio,  which  scold 
produce  a  saxicra  error  ia  attenuation  of  approsinately  30  percent . 

The  curve  labeled  A  in  Figure  15  is  the  theoretical  carve  stiids  was 
calculated  using  this  increased  attenuation.  The  results  are  mica 
better  than  without  increased  attenuation,  but  agreement  between  theory 
and  experiment  is  still  lacking,  especially  at  lew  frequencies.  At 
frequencies  above  approximately  300  Hz,  the  results  agree  within  ±2  db. 

It  was  found  by  selectively  reducing  the  orifice  impedance,  that 
agreement  could  be  obtained  between  theory  and  experiment.  It  was  also 
found,  thar  this  value  of  orifice  impedance  which  caused  theory  and 
experiment  to  agree,  could  be  obtained  by  modeling  the  orifice  impedance 
differently  than  had  been  defined  in  equation  (21),  which  was 


7  _  Pend 
zo  r — t 

Qend 


+  30 


which  used  the  pressure  at  the  end  of  the  line  divided  by  the  flow  rate 
at  the  end  of  the  line.  It  was  found  that  if  the  orifice  impedance  was 
modeled  as 


Zo  = 


Pend 

Qfm 


+  jO 


(29) 


which  uses  the  flow  rate  at  the  flow  meter  expanding  to  atmospheric 
pressure,  then  good  results  could  be  obtained  for  the  mean  turbulent 
flow  cases.  The  f low  rate  Qfm  is  larger  than  Qend,  which  gives  a  smaller 
Z0.  Values  of  Pend>  Qend>  and  Qf^  can  be  found  in  Table  II  for  all  test 
cases.  The  curve  labeled  7,  in  Figure  16  is  the  theoretical  curve  which 
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vas  eslesiSaceS  easing;  iarrezggd  attBeraBStlota*  plea  eopasttJca  Cl'S*}  teas  ©red 
e»  code!  the  orifice  impedance  instead  ©£  esxsstfsra  (21}.  As  ess  be 
seen  ia  Figure  36*  the  resalts  ©sing  hath  Sats'eas&S  attessmtlffie  sad 
redceed  orifice  jnpecaace  gives  good  resales  (within  *2  db}  for  the 
0.0135  ia  ID  orifice.  Other  resales  for  the  0.0135  £a  ID  orifice  asd 
the  0.016  and  0-020  in  ID  orifices  can  be  found  ia  AsaesxSix  A.  It 
appears  that  as  the  orifice  size  becomes  greater  than  one-half  the  ID 
of  the  main  lias  with  a  mean  turbulent  flow*  that  the  ezperiangatsl 
results  tend  to-  differ  sore  from  theory,  than  for  orifice  sizes  smaller 
than  or  equal  to  case-half  the  ID  of  the  sain  line-  Dynamic  pressure 
phase  shift  for  the  turbulent  seen  flow  cases  tended  to  differ  sore  from 
theory  at  high  frequency,  bat  agreed  well  at  lew  frequency.  Ihese 
results  for  all  of  the  turbulent  mean  flow  cases  can  be  seen  in  Figure  17 
and  Appendix  A.  Experimental  results  were  still  within  ±70  degrees  of 
the  theoretical  phase  shift  for  mean  turbulent  flow.  It  appears  sose 
correction  is  needed  for  the  phase  shift  as  the  mean  flow  rate  increases. 
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tfl.  CggaJesigas 

1.  The  esmpctgr  program  bas«£  ess  SichaBs;*  eswatiams  sag  Hrirfc- 
saiyer  asd  ILerhear's  Bauds fiSeatioa  E©  sEasse  ecuaticas  predieEs  2  dyearmle 
pressure  g*s=:,  was  era  eemparess  well  wiEh  espeEimesE  for  blacked  Hoes, 
oar  for  liraes  wish  2  measa  lenfozr  flcar  at  lew  signal  sizes.  BgaegSggatal 
gains  agreed  witfeia  il  cb  with  theory  carer  Else  freouesay  range,  40-1050  Ez. 

2.  EaswerSaigBEal.  dynamic  pressure  phase  angle  shift  for  this 
freetseecy  range  for  blocked  and  meaa  iesizar  flow  lines  agreed  with 
theory  within  i!5®  for  blocked  flow  and  within  ±30*  when  there  was  a 
wean  laminar  flow  in  the  line. 

3.  The  experimental  dynamic  pressure  gain  results  for  the  transi¬ 
tion  region  of  wean  flow  agreed  with  the  above  theory  within  ±4  eb. 

4.  Using  increased  attenuation  when  mean  turbulent  flew  is  present 
gives  experimental  dynamic  pressure  gain  results  which  are  within  ±2  db 
of  theory  for  orifice  ID  less  than  one-half  the  nain  line  ID,  if  the 
orifice  impedance  is  modeled  as 

z„=  -MO 

Qfn 

5.  As  signal  size  increases  above  0.5  percent,  the  difference 
between  experimental  and  theoretical  results  increases. 

6.  Dynamic  pressure  phase  angle  measurements  could  not  be  obtained 
on  the  oscilloscope  in  mean  transition  flow. 

7.  Experimental  dynamic  pressure  phase  angle  measurements  taken 
during  mean  turbulent  flow  tend  to  be  less  than  predicted  by  theory  by 
±70°  at  high  frequencies. 
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FH-  IS&cignnffaafatietss 

1-  Irarestigatioas  shsdhS  he  cagertahea  off  store  complex  aetsrorhs  ta 
detenBEiae  iff  the  theory  sis  developed  for  mesa  terfenleat  flew  caa  be.  osed 
in  these  rsetsssries  to  find  dyegnic  pressure  gasa  aad  pfea.se  shift. 

2.  Jeereased  tczfeslent  meara  flew  stogies  should  6e  cadertahea, 
aad  at  fresneaeies  above  1050  Hz. 

3.  Further  studies  off  the  effect  of  turfeolent  aseaa  flow  on 
dyagalc  pressure  phase  angles  sfecald  fee  trace. 

4-  Some  means  should  fee  foaad  to  model  the  orifice  impedance  for 
mean  terbdeat  flow  which  uses  values  of  pressure  and  flcv  rate  at  one 
point,  instead  of  the  pressure  at  the  orifice  entrance  and  the  flow  rate 


at  the  orifice  exit. 
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Frequency,  Hprtz 


Fig  19  Correlation  of  ^perimental  Results  v/ith  Theory 
for  Blocked  Line 


Phase  Anple*  D^pr^es 


Gain,  Decibels 


Fig  25  Correlation  of  Experimental  Results  with  Theory 
for  0.016  in  ID  orifice 
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Gain,  Df!cib«!!.3 
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Frequency,  Hertz 


Fip  27  Correlation  of  ^rperimental  Results  with  Theory 
for  0.020  in  ID  orifice 


Gain,  Decibels 


Gain,  Decibels 
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Frequency,  Hertz 


Fig  30  Correlation  of  Experimental  Results  with  Theory 
For  0.020  in  ID  orifice 
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Appendix  B 


Complete  Line  Dimensions 


■% 
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Pig  32  Schematic  Dlufjx'am  of  Lino  Configuration 
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Line  Diameter  Length 

Section  in.  in. 

10  0.0135  0.062 

Remainder  are  the  same  as  Case  1 


Table  V 


Case  8,9  and  10 


Line 

Diameter 

Length 

Section 

in. 

in. 

10 

0.0160 

0.062 

Remainder  are  the  same  as  Case  1 


Table  VI 

Case  11,12  and 

13 

Line 

Section 

Diameter 

in. 

Length 

in. 

10 

0.0200 

0.062 

Remainder 

are  the  same  as 

Case  1 
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